5-Hydroxytryptamine (5-HT) stimulates the rate and force of cardiac contraction. However, the molecular mechanisms of 5-HT actions on the heart are unknown. We examined effects of 5-HT on phospholipase C-mediated hydrolysis of phosphoinositides and its regulation in cultured fetal mouse ventricular myocytes labeled with [3H]inositol. Accumulation of inositol monophosphate, inositol bisphosphate, and inositol trisphosphate was assessed after stimulation with 5-HT, catecholamines, and A1F4-. Inositol bisphosphate and trisphosphate reached a peak at 15 minutes by 5--HT stimulation and at 30 minutes by AMF4stimulation. Inositol monophosphate accumulated linearly for at least 30 minutes in the presence of LiCl. The 5-HT effect was dose dependent, and the threshold concentration was 0.1 ,uM with the half-maximum effective concentration of 1 ,uM. Ketanserin in nanomolar concentrations inhibited the phospholipase C reaction by 100 ,uM 5-HT with the half-maximum inhibitory concentration of 0.5 nM. Pertussis toxin (100-1,000 ng/ml) did not influence the phospholipase C reaction by 5-HT, but it partially inhibited the reaction by A1F4-. Protein kinase C-activating phorbol esters like 12-O-tetradecanoylphorbol 13-acetate (TPA) and phorbol 12,13-dibutyrate, but not 4a-phorbol 12,13-didecanoate, which is inactive for protein kinase C, completely inhibited the reaction by 5-HT; TPA showed 30% inhibition on the reaction by A1F4-. The magnitude of accumulated inositol phosphates by A1F4was at least several times greater than that by 5-HT. Norepinephrineand epinephrine-stimulated phospholipase C reactions were completely abolished by prazosin. These results suggest that 5-HT directly stimulates phospholipase C-mediated hydrolysis of phosphoinositides through 5-hydroxytryptamine-2 (5-HT2) receptors in the ventricular myocytes and that this reaction is negatively regulated by protein kinase C. 5-HT2 receptors may be coupled to phospholipase C via a pertussis toxin-insensitive GTPbinding protein in the myocytes. (Circulation Research 1990;66:1474-1483 P ositive inotropic and chronotropic effects of varying intensity are exhibited by 5-hydroxytryptamine (5-HT). These effects may result from direct actions on cardiac tissue and indirect actions mediated by the release of norepinephrine from sympathetic nerve terminals.'-6 In rabbit per-
fused heart, the effects of 5 -HT are abolished by reserpine, suggesting mediation by catecholamine release2-4; in cat and rat heart, the effects may be direct, since reserpine and propranolol do not influence the 5-HT actions.56 The fact that plasma concentration of 5 -HT is much lower than that expected for exertion of its physiological functions suggests a local storage site of 5 -HT in the heart.' In fact, 5 -HT has been biochemically identified in the heart of several species, including cat,7 rat,8,9 hamster,10 and human.10 In rat heart, accumulation of exogenous 5-HT at both neuronal and extraneuronal sites has been demonstrated.1-'3 These findings strongly suggest local physiological roles of 5-HT in the heart.
However, the modes of actions of 5 -HT in the heart are poorly understood because of the lack of knowledge of relevant molecular mechanisms involved in this receptor stimulation. For instance, it has never been defined whether there is a 5-HT receptor on cardiac myocytes, and, if any, which types of 5-HT receptors and signal transduction systems are involved in 5-HT actions in the heart. Nonmyocytes, which occupy a large part of the whole heart and heart tissue preparations, create a major obstacle in the study of 5 -HT receptors and their actions in the heart. Therefore, it is necessary to use a highly enriched cardiac myocyte preparation to delineate molecular mechanisms of 5-HT actions in the heart.
Phospholipase C-mediated hydrolysis of phosphoinositides produces diacylglycerol and three inositol phosphates, inositol 1-monophosphate (IP,), inositol 1,4-bisphosphate (IP2), and inositol 1,4,5-trisphosphate (IP3), in response to various extracellular signals.'4 Among them, diacylglycerol and 1P3 serve as the intracellular messengers for protein kinase C activation and intracellular Ca 2 mobilization, respectively.14"5 These two intracellular messenger systems are involved in the regulation of a variety of cell functions including exocytosis, gene expression, Na+-H' exchange, glucose transport, and Ca 2 influx in different cell types. 14,'6 In cardiac cells, several extracellular signals, such as a,-adrenergic agonists,17-"9 muscarinic agonists,20'21 histamine, 22 and angiotensin II, 23, 24 have been shown to induce phospholipase C reactions. These agents are believed to exert some of their cardiac effects including cardiac contrac-tion18, '9,21,22,24 and cardiac growth17'23'25,26 through phospholipase C reactions.
There is now increasing evidence that phospholipase C is coupled to a wide variety of cell-surface receptors via a guanine nucleotide-binding protein (Gp),27 analogous to the adenylate cyclase system. Here, receptor-Gp-phospholipase C systems fall into two distinct groups with respect to their response to pertussis toxin. 27 Pertussis toxin has been shown to modify, by ADP-ribosylation, various G-proteins, such as the Giproteins (responsible for inhibitory regulation of adenylate cyclase), and transducin in retinal rods.28 Both pertussis toxin-sensitive and -insensitive G-proteins have been reported in different types of cells. 27 To elucidate the role of 5-HT in the heart, we examined in this study the effects of 5 -HT on phospholipase C-mediated hydrolysis of phosphoinositides and its regulation in cultured fetal mouse ventricular myocytes, using pertussis toxin, protein kinase C activators, and A1F4-, an activator of the regulatory proteins G, and Gi of the adenylate cyclase system,29'30 retinal transducin,30 and probably Gp of the phospholipase C system. 31"32 This paper describes for the first time that 5 -HT induces phospholipase C-mediated hydrolysis of phosphoinositides through 5 -hydroxytryptamine-2 (5 -HT2) receptors in ventricular myocytes and that this reaction is negatively regulated by protein kinase C. 5-HT2 receptors may be coupled to phospholipase C via a pertussis toxin-insensitive Gp.
Materials and Methods Cell Culture
Single-cell cultures were prepared from cardiac ventricles of 14-day-old fetal mice as described previously.33 Pregnant mice were killed by cervical dislocation. The ventricles were aseptically separated under a stereoscopic microscope and minced in phosphate-buffered saline with 0.9 mM Ca' and 0.8 mM Mg`(PBS+). After PBS+ was replaced by phosphate-buffered saline without Ca2+ and Mg2+ (PBS -), the tissue was treated with 0.06% trypsin for 10 minutes at 37 C in a glass bottle containing PBS-, while gently stirring with a Teflon-coated magnetic stirring bar within a humidified incubator held at 370 C and equilibrated with 5% C02-95% air. The dissociated cells were collected into ice-cold Eagle's minimum essential medium (MEM) with 10% fetal calf serum (FCS) and centrifuged at 350g for 3 minutes. This procedure of trypsinization and mechanical disaggregation was repeated three times.
The cells were combined, washed, resuspended in the medium, and passed through a Swiney filter with lens papers to remove cell aggregates. The cells were preplated to reduce the number of contaminating nonmyocardial mesenchymal cells. During this preplating, these nonmyocytes more rapidly attach to the dish surface, leaving the myocytes in suspension. 34 After 60 minutes, the suspended myocytes were collected, and the number was counted. The cell yield was usually 1.5-2.0 million per 10 fetal hearts. The cells were plated into 35-mm dishes (5 x 105 cells/dish). After incubation at 370 C for 15 hours, the cells were washed three times with 5 ml PBS + to remove nonattached cells. More than 90% of the remaining cells were myocytes at this time. The cells were incubated in 2 ml fresh medium for another 24 hours. For assay of phospholipase C reaction, the cells were rinsed with 2 ml PBS+ and labeled with [3H]inositol (20 ,uCi/ml/dish) at 370 C for 12 hours in inositol-free MEM containing 3% dialyzed FCS, with or without pertussis toxin. After the labeling, the cells were washed three times with 2 ml MEM with 0.1% bovine serum albumin to remove serum and unincorporated [3H]inositol and incubated for another 5 hours in the same serum-free medium with or without pertussis toxin. The final cell density on the day of assay was 2 x 10' cells/dish; percentages of cell distribution were 80% myocytes and 20% nonmyocytes. Both myocytes and nonmyocytes were easily distinguished under a phase-contrast microscope as described by Mark and Strasser35 and Kasten.36 Assay Conditions for Phospholipase C Reaction After the labeling and incubation in serum-free MEM, cells were quickly washed once at 370 C with 0.9 ml MEM containing 20 mM HEPES at pH 7.4, 0.1% bovine serum albumin, and 20 mM LiCl. The cells were preincubated in 0.9 ml of the same solution on a tray in a water bath at 370 C for 20 minutes, with or without various antagonists and phorbol esters like 12-O-tetradecanoylphorbol 13-acetate (TPA), phorbol 12,13-dibutyrate (PDBu), and 4a-phorbol 12,13-didecanoate (4a PDD). Then, the cells were stimulated with 0.1 ml ofvarious agents. The reaction was stopped by rapidly aspirating the medium and adding 1 ml ice-cold 15% trichloroacetic acid. The cells were chilled on ice for 1 hour to extract water-soluble inositol phosphates.
Separation of [3H]Inositol Phosphates
The extract was transferred to a test tube, and the cells were washed twice with 1 ml distilled water. The washings were combined with the original acid extract. Trichloroacetic acid was removed with diethyl ether (four extractions). The final extract was neutralized, applied to columns containing 1 ml Dowex AG 1 x 8 formate-form resins (Bio-Rad Laboratories, Richmond, California), and eluted to separate the water-soluble inositol phosphates by the method described previously,37 which was based on that by Berridge et al. 38 After application of the sample, the column was washed with 4 ml distilled water. Glycerophosphoinositol was eluted with 20 ml of 5 mM disodium tetraborate/60 mM sodium formate. IP1 was eluted with 8 ml of 0.1 M formic acid/0.2 M ammonium formate followed by an 8-ml wash with this same buffer. 1P2 was eluted with 8 ml of 0.1 M formic acid/0.4 M ammonium formate, followed by an 8-ml wash with this same buffer. 1P3 was eluted with 8 ml of 0.1 M formic acid/1.0 M ammonium formate.
Extraction of Membrane Proteins From the Ventricular Myocytes
All procedures were carried out at 0°-4°C. The cultured fetal ventricular myocytes were washed with phosphate-buffered saline, scraped off the dish with a rubber policeman in the same buffer, and collected in a tube. After low-speed centrifugation, the cells were resuspended in 1 ml of 25 mM Tris HCl at pH 7.6 containing 5 mM MgCl2 and 1 mM phenylmethylsulfonyl fluoride and homogenized with a Potter-Elvehjem Teflon-glass homogenizer (Wheaton, Milville, New Jersey). The homogenate was then centrifuged at 600g for 1 minute to remove undisrupted cells and nuclei. The supernatant was centrifuged at 10,000g for 5 minutes. The pellets were resuspended in 20 mM Tris HCl at pH 8.0 containing 1 mM EDTA, 1 mM dithiothreitol, 25 mM NaCI, and 1% sodium cholate at a final concentration of 20 mg/ml protein and incubated with constant shaking for 60 minutes. The extracts were centrifuged at 120,000g for 60 minutes. The pellets were discarded, and the solubilized proteins were used for the ADP-ribosylation assay.
ADP-Ribosylation of the Membrane Proteins
Myocyte cell membrane proteins (100 ,ug) were incubated for 60 minutes at 300 C in 100 gl of 100 mM Tris HCl at pH 8.0 containing 10 mM thymidine, 1 mM EDTA, 5 mg/ml phosphatidylcholine, 10 ,uM [a-32P]NAD, 2 mM dithiothreitol, 200 uM ATP, and 25 ,ug/ml preactivated A-protomer of pertussis toxin. Preactivation of the A-protomer was achieved by a 15-minute incubation with 10 mM dithiothreitol at 300 C in the buffer containing 50 mM Tris HCl at pH 7.5 and 1 mM ATP. The ADP-ribosylation was terminated by adding 50 ,l sample buffer (186 mM Tris HCl at pH 6.7 containing 9% sodium dodecyl sulfate, 6% 2-mercaptoethanol, 15% glycerol, and 0.003% bromophenol blue). After boiling for 3 minutes, the radiolabeled proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a slab gel, which consists of an 11% separating gel and a 3% stacking gel under the conditions specified by Laemmli.39 After electrophoresis, the gel was stained with Coomassie brilliant blue (R-250), destained, dried, and exposed to a Kodak X-Omat S film using an intensifying screen for 48 hours at -80°C.
Materials
Pregnant mice (ddY strain) were purchased from Shizuoka Laboratory Animal Center, Shizuoka, Japan. Trypsin (0.25%) was from Chiba Serum Institute, Chiba, Japan. 5 -HT, epinephrine, prazosin, and 4a PDD were from Sigma Chemical, St. Louis, Missouri. Ketanserin was a gift from Kyowa Hakko, Tokyo, Japan. Norepinephrine was from Aldrich Chemical, Milwaukee, Wisconsin. TPA and PDBu were from Sigma. Pertussis toxin was purchased from Funakoshi Pharmaceutical, Tokyo, Japan. Dowex anion exchange resin (100-200 mesh) was from Bio-Rad Laboratories.
[3H]Inositol (20 Ci/mmol) was from Amersham, Arlington Heights, Illinois, and [a-32P]NAD was from Du Pont/New England Nuclear, Wilmington, Delaware. Fetal calf serum was from M & B Bioproducts, Walkersville, Maryland. MEM was from Nissui Pharmaceutical, Tokyo, Japan. Other materials and chemicals were obtained from commercial sources. TPA, PDBu, and 4a PDD were stored at -20°C as 1-4 mM solutions in 100% dimethyl sulfoxide. Pertussis toxin was stored at 40 C as a 1 mg/ml solution in 2 M urea and was used within 2 months. The amines and antagonists were dissolved in distilled water for each experiment, kept on ice, and used within 2 hours.
Deterninations
Protein was determined by the method of Bradford40 with bovine serum albumin as a standard protein. Radioactivity of [3H1-labeled samples was determined using a liquid scintillation system (model LS3801, Beckman Instruments, Palo Alto, California).
Statistical Analysis
All values expressed are mean + SD. Comparisons between two means were performed with Student's t test. A value of p<0.05 was taken to indicate a significant difference. production was rapid and reached a peak at 15 minutes with about fourfold and twofold increases, respectively. The time course of 1P3 accumulation is slow compared with papillary muscle data. 19 The reason for this slow accumulation is unknown at present. It may be due to the difference of preparation or agonist used, since we found that ATP accumulated 1P3 more rapidly (data not shown). The decline of accumulated 1P2 and 1P3 might be due to the conversion of 1P2 to IP1 and of 1P3 to 1P2, as described in other cell types.41 IP1 was accumulated linearly for at least 30 minutes in the presence of LiCl, an inhibitor of IP1 phosphatase.42 However, in the absence of 5-HT, no significant increase in any inositol phosphate was induced even in the presence of LiCl in this serum-depleted medium. Figure 2 shows the dose-response of accumulation of 1P1, 1P2, and 1P3. The threshold concentration of 
Inhibition by Ketanserin of 5-HT-Induced Accumulation of Inositol Phosphates
To determine which type of 5-HT receptors is coupled to phospholipase C reaction in the ventricular myocytes, we examined the effects of various concentrations of ketanserin, a specific antagonist for 5-HT2 receptors.43 Ketanserin in nanomolar concentrations inhibited accumulation of each inositol phosphate promoted by 100 ,uM 5--HT as shown in Figure 3 . The half-maximum inhibitory concentration (IC50) was about 0.5 nM. We also examined the effect of ketanserin on norepinephrine-induced accumulation of inositol phosphates, since ketanserin is known to have some anti-a1-adrenoceptor effect. Ketanserin in higher concentrations (>10 nM) did inhibit norepinephrine- Thus, ketanserin at 10 nM specifically inhibited most of the 5-HT-induced reaction (about 80%) without affecting norepinephrine-induced reaction.
Inability of Pertussis Toxin to Inhibit 5-HT-Induced Accumulation of Inositol Phosphates
Pretreatment of the ventricular myocytes with pertussis toxin or urea (up to 2 mM) for 15 hours did not show any effect on the basal level of, or 5-HT-induced and AlF4 -induced accumulation of, IPI, 1P2, and 1P3 as shown in Table 1 . However, pertussis toxin showed about 20% inhibition on AlF4 -induced accumulation of inositol phosphates. Figure 4 shows that a protein with a molecular mass of about 39 kDa was ADP-ribosylated by pertussis toxin in the fetal ventricular myocytes (lane 1). The ADP-ribosylation of this 39-kDa protein was not detected in the membrane proteins extracted from the cells that were pretreated with pertussis toxin under the comparable conditions for phospholipase C reactions (lane 3), indicating that the toxin fully ADPribosylated this protein during the pretreatment.
NaFand AlC13-Induced Accumulation of Inositol Phosphates
Since pertussis toxin did not have any effect on the 5-HT-induced accumulation of inositol phosphates, it remained to be determined whether the ventricular myocytes contained Gp.27 NaF and AlCl3 were used for this determination. Addition of 20 mM NaF and 10 ,uM AlC13 to the ventricular myocytes induced rapid accumulation of three inositol phosphates in the presence of LiCl as shown in Figure 5 . Various doses of NaF and AlCl3 were tested; 20 mM NaF with AlCl3 in the range of 3-20 1LM was found to be most effective (data not shown). As was the case with 5 -HT, 1P1 was the major product, and its accumulation was linear over 60 minutes. 1P2 and 1P3 reached a peak at 30 minutes. A significant lag was observed in the time course of accumulation of all three inositol phosphates by NaF and AlCl3, compared with those by 5 -HT. This may be due to rate-limiting dissociation of A1F63and AlF52into AlF4-, as reported previously.32 The magnitude of the response by NaF and AlCl3 was at least several times larger
Pretreatment of the myocytes with TPA or PDBu, which is known to activate protein kinase C, 1544 almost completely abolished the 5-HT-induced accumulation of all three inositol phosphates as shown in Figure 6 . The inhibition by TPA and PDBu was dose dependent, and the maximum inhibitory effects were observed in nanomolar concentrations for the three inositol phosphates. However, 4a PDD, which is inactive for protein kinase C,44 was ineffective at 50 nM. TPA partially inhibited the NaF-and AlCl3induced accumulation of inositol phosphates (25-45% inhibition), suggesting the existence of a Gpphospholipase C system that was not regulated by protein kinase C in the myocytes.
Inability of Prazosin to Inhibit S-HT-Induced
Accumulation of Inositol Phosphates The positive inotropic and chronotropic effects of 5-HT have been shown to be indirectly mediated by catecholamine in the rabbit perfused heart. 2 4 In addition, catecholamine is known to induce phospholipase C reaction in cardiac cells, through aladrenoceptors.'7-' Therefore, it may be argued that in the present study 5-HT effects might be mediated by catecholamine released from nerve cells contaminating the culture. To exclude this possibility, we examined the effect of prazosin, a specific antagonist for a,-adrenoceptors, as shown in Table 2 . Indeed, norepinephrine (10 gM) and epinephrine (10 gM) promoted accumulation of inositol phosphates in the myocytes. Pretreatment of the cells for 15 minutes with 10 gM prazosin completely inhibited the effects of these catecholamines, but not the effects of These findings indicate that the 5-HT-induced accumulation of inositol phosphates is not mediated by the catecholamines. *Significantly different from control ( p<0.01).
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Discussion This is the first study that describes the 5 -HT induction of phospholipase C-mediated hydrolysis of phosphoinositides through 5 -HT2 receptors and its regulation in cardiac myocytes. These observations seem to be very important because 1) 5-HT has been shown to have local physiological actions in the heart1-6 and 2) phospholipase C reaction may play key roles in the cardiac actions of many vasoactive agents.17-26 For example, norepinephrine and, possibly, angiotensin II have been shown to stimulate cardiac growth via phospholipase C reactions,17,23,25,26 and histamine,22 carbachol,21 norepinephrine,18"19 and angiotensin 1124 have,been shown to modulate cardiac contraction through the same reactions. Moreover, 1P3-induced Ca2' release and contraction of the skinned cardiac tissue have been reported.45,46 Roles of protein kinase C in cardiac growth have been shown in the neonatal rat cardiac myocytes.47 Negative inotropic effects of protein kinase C have also been reported in the rat myocardium.48'49 Thus, phospholipase C reaction may play roles of crucial importance in the cardiac actions of these vasoactive agents. These observations, together with our findings, suggest that 5 -HT, like other vasoactive agents, may exert its cardiac functions via phospholipase C reaction. Therefore, studies on the regulatory mechanisms of the phospholipase C reaction by 5 -HT may lead us to a better understanding of functional roles of 5 -HT in the heart.
Three main types of 5-HT receptors, 5-HT1, 5- HT2, and 5 -HT3, have been pharmacologically characterized.50 The distinct types of 5 -HT receptors may be coupled to one or more signal transduction systems.51 5 -HT, receptors may both activate and inhibit adenylate cyclase and increase K' ion conductance in the hippocampus.51 Phosphoinositide hydrolysis appears to be linked to 5-HT2 receptors in the brain, certain smooth muscle preparations, human platelets, rat aorta, and rat cerebral cortex.5' However, in the rat choroid plexus it appears to be linked to 5-HT,c receptors.5152 We examined the effect of ketanserin, a specific antagonist for 5 -HT2 receptors,43 on the 5 -HT-induced accumulation of Values are mean±SD of three independent experiments performed in duplicate. 1P1, inositol 1-monophosphate; 1P2, inositol 1,4-bisphosphate; 1P3, inositol 1,4,5-trisphosphate. Ventricular myocytes were preincubated with 10 utM prazosin for 15 minutes and then stimulated with 100 ,uM 5-hydroxytryptamine (5-HT), 10 ,uM norepinephrine, and 10 ,M epinephrine for 15 minutes.
*Not significantly different from control. tNot significantly different from 5-HT. tSignificantly different from norepinephrine (p<0.01) and epinephrine (p<0.01) but not from control. inositol phosphates to determine which type of 5 -HT receptors is coupled to phospholipase C in the ventricular myocytes. Ketanserin in nanomolar concentrations inhibited the accumulation of inositol phosphates induced by 100 ,uM 5 -HT. The IC50 was less than 1 nM. Since ketanserin inhibits the 5 -HT,1induced phospholipase C reaction only in micromolar concentrations,52 it can be concluded that the 5-HT2 site is responsible for the 5 -HT-induced phospholipase C reaction in the ventricular myocytes. Pertussis toxin did not inhibit the 5 -HT-induced accumulation of inositol phosphates in the myocytes.
To confirm that there is Gp, a GTP-binding protein coupled to phospholipase C,27 in the myocytes, we next examined the effect of NaF and AICl3. At the concentrations of NaF and AICl3 required to induce optimal stimulation, Al`is expected to exist primarily as AlF4-.29 This complex ion is thought to be the active species responsible for fluoride activation of heterogenous GTP-binding proteins like G, and Gi in the adenylate cyclase system and of transducin.29'30'53 Bigay et a153 have proposed that A1F4can bind to the nucleotide-binding subunit of transducin (asubunit) when GDP is present in the site. A1F4would thus mimic the y-phosphate of GTP and confer on the a-subunit its activated conformation. A similar model can account for A1F4-activation of Gp. In fact, we found that A1F4-induced phospholipase C reactions in a greater magnitude than did 5-HT. These more marked effects of A1F4-compared with 5-HT may be due to the fact that A1F4can nonspecifically activate multiple fractions of Gp, regardless of the type of receptors coupled to them. The fraction of Gp molecules activated by 5 -HT is conceivably included in those by A1F4-.
Pertussis toxin reproducibly showed small inhibitory effects (about 20%) on the A1F4 -induced accumulation of inositol phosphates. The results indicate that there are at least two types of Gp, pertussis toxin sensitive and insensitive, in the myocytes. Sensitivity to pertussis toxin may differ depending on agonist species used to stimulate the reaction in a single cell type. 54 Therefore, we examined the effects of pertussis toxin on accumulation of inositol phosphates by various agonists. However, epinephrine, norepinephrine, acetylcholine, and carbachol, which stimulated phospholipase C reactions in the present cells, showed no sensitivity to pertussis toxin (data not shown). There seem to be yet unidentified agonists that stimulate this reaction, via pertussis toxinsensitive Gp in the ventricular myocytes.
Agonist-induced phospholipase C reactions are known to be inhibited by phorbol esters in several receptor systems.16'37'54 TPA and PDBu are thought to inhibit phospholipase C reactions through the activation of protein kinase C, since the phorbol ester receptor is protein kinase C complexed with phosphatidylserine and Ca2+, and the diverse actions of phorbol esters are mediated through activation of this enzyme.'5"1644 However, in cardiac myocytes, it has not been determined whether phorbol esters exert any influence on 5 -HT receptor-mediated signal transduction. In the present study, the 5-HT-induced phospholipase C reactions were inhibited by protein kinase C-activating TPA and PDBu, but not by 4a PDD, which is inactive for protein kinase C. 44 Thus, protein kinase C may serve as a feedback inhibitor and suppress the 5-HT-induced formation of the two intracellular messengers, diacylglycerol and 1P3, in the ventricular myocytes. The IC50 for TPA and PDBu was about 1 nM, a concentration compatible with a protein kinase C-mediated effect. 44 The possibility that the 5 -HT actions observed may be mediated by the catecholamine from contaminating nerve cells was excluded, because the 5-HT-induced phospholipase C reaction was not affected by pretreatment of the cells with prazosin when norepinephrineand epinephrine-induced reactions were completely blocked by this alantagonist. These findings suggest that 5 -HT stimulates phospholipase C reactions by directly binding to 5-HT2 receptors in the ventricular myocytes.
We reported that 5 -HT stimulated spontaneous beating in the cultured fetal ventricular myocytes via 5 -HT2 receptors.55 This is consistent with the previous findings, which showed that 1) 5 -HT has positive inotropic and chronotropic effects in the heart,2 5 2) phospholipase C reaction may be responsible for the stimulated contraction by several vasoactive agents,18'19,21'22'24 and 3) 1P3 has been shown to raise cytosolic Ca21 concentration and thereby stimulate contraction of the skinned cardiac fiber.45 '46 Alternatively, 5-HT may stimulate cardiac hypertrophy, since norepinephrine and possibly angiotensin II, which stimulate phospholipase C reaction, have been reported to stimulate some aspects of cardiac hypertrophy in the rat myocardial cells.17'23'25'26 The 5-HT effect on growth of our cells is now under investigation.
Although various attempts to eliminate nonmyocyte contamination have been reported previously, this remains a major problem common to most cultured preparations of cardiac myocytes. The percentage of the nonmyocytes in our preparation is comparable with previous reports.34 '35 We made attempts at excluding nonmyocytes including the use of bromodeoxyuridine, glutamine-free medium, and ionophore A23187. However, these methods either were not effective enough to eliminate nonmyocytes or possibly had some toxicity to myocytes as suggested by morphological changes. Therefore, we decided not to use these methods for the present study.
The contribution of nonmyocytes in the data is an important problem. We attempted to estimate size of nonmyocyte contribution by performing the assay using pure population of nonmyocytes. The pure nonmyocyte cultures in several different cell densities were prepared by subculturing rapidly adherent cells from trypsin digests and labeling them with
[3H]inositol under identical conditions with myocyte preparations. The nonmyocytes did accumulate a detectable level of 1P1, 1P2, and 1P3 in response to 5 -HT only when cultured in high cell density; cells of less than 1 x 105/dish on the assay day showed no significant response in 1P2 and 1P3 (only a slight increase was observed in IP1, data not shown). Since our myocyte preparation contained about 4 x 104 nonmyocytes/dish on the assay day, the contribution of the nonmyocyte population to our data must have been negligible. In summary, we found that 5 -HT, via 5 -HT2 receptors, induced phospholipase C-mediated hydrolysis of phosphoinositides in cultured fetal mouse ventricular myocytes and that this reaction was negatively regulated by protein kinase C. There was no evidence that a pertussis toxin-sensitive GTP-binding protein was involved in the 5-HT-induced phospholipase C reaction, although Gp, both pertussis toxin sensitive and insensitive, may exist in the ventricular myocytes.
